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In this short course, we will address the following
topics
Two-phase flows hydrodynamics and pressure drop of
evaporating and condensing flows
Homogeneous Equilibrium Model
Separated Flow Model

Two-phase flows heat transfer and heat transfer coefficients
predictions in evaporating and condensing flow
Homogeneous Equilibrium Model
Separated Flow Model

This short course focuses on calculation methods for
two phase pressure drop and heat transfer
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» Depiction of
Convective Boiling
Dominant Heat
Transfer and
Nucleate Boiling
Dominant heat
Transfer
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One Dimensional Two Phase Flow
Definitions of Two-Phase Flow Parameters
Area
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+ Phase Velocity
Phase Vcioc'mj
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HYPRODYNAMICS AND PRESSURE DROP IN TWO-PHASE EYAPORATING AND
CONRENSING FLOQYYS

Calculation of Void Fraction from Flow Quality

1

alx_, of_, Ag_, 5] = W

Plot[{a[x, 1.6, .013, 1], a[x, 1.6, .05, 1], af[x, 1.6, .013, 10], af[x, 1, .001, 1], x}, {x, O, 1}, Frame -»> True, PlotRange » {{0, 1}, {0, 1}},
FrameLabel - {"x", "a", "pf/pg=123,32,1000 & $=1,p0¢/pg=123 & $=10", ""}, LabelStyle » (FontSize -+18), AspectRatio .7, Gridlines + Automatic]

pffpg_us 32,1000 & S=1 pffpg_ua & S=10
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+ Density of Mixture
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HYPRODYNAMICS AND PRESSURE DROP IN TWO-PHASE EYAPORATING AND
CONRENSING FLOQYYS

Calculation of Average Density of Mixture

pavg[x , of , og | :=

1
xlogt (1-x)/pof
L(}gPlot[{ pavg[x, 1., .001], pavg[=x, 1.6, .013]}, {x, 0, 1}, Frame -> True, PlotRange » {{0.0001, 1}, {0.0001, 1.2}},

FrameLabel - ["'x"' . "5 [gp’cmS] ", "Df ,l'pg=1000—131ue , 123-Orange", "" ]. , LabelStyle » (FontSize »+ 24), AspectRatio + .7, GridLines » Automat'i_c'.]

plpy;=1000-Blue, 123- Orange

000 02 04 06 08 1.0

X
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» Two Phase Flow Regime 1n a Heated Tube
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HYDRORYNAMICS AND PRESSURE DROP [N TWO-PHASE EYAPORATING AND
CRNREMINE FLQYYS

» Homogeneous Two-Phase Equilibrium Model

tor He Hom Gﬁfﬂm Cﬂrudc-LLl!ov'L" i Flow

=Y e
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Homogeneous Two Phase Flow Model
Applicability to Bubble and Mist Flow
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HYPROPYNAMICS AND PRESSURE DROP IN TWO-PHASE EYAPORATING AND

» One Dimensional Conservation of Mass, Momentum
and Energy
+ Conservation of Mass
Consenvation et Mag
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HYRBRRYMOMISS OMR PREISHRE RRQP [N TWR-PHOSE EYOPRBATING 6NR 1

+ Conservation of Momentum
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+ Conservation of Energy
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HYRBRRYNOMISS ONR PRESSHRE REQP [N TWQ-PHASE EYOPQBATING 6MR |

+ Assumptions
Sheady Stecte %’t =0 . Nochem. veackan g¢'=o

Tuhular q.f:'me*mi A =csush
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HYDRORYNAMICS AND PRESSURE PROP IN TWO-PHASE EYAPORATING A |

+ Observations
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HYRBRRYNOMISS ONR PRESSHRE REQP [N TWQ-PHASE EYOPQBATING 6MR

+ Solution
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+ Cases
hi = he = Yei =0
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HYRRODYNAMICS AND PRESSURE DROP IN TWO-PHASE EVAPORATING AND
CRNREMINE FLQYYS

+ Uniformly heated Circular Tube
+ Finding the z location where the thermodynamic quality
X, =0and x, = 1

@ o
Te < 160°C.. | -' 1
v N
i L
Xe(Z)= —-%_i__”i"“ | —=> W VT—" Watz
2 " Dk
T & ' -:—rl‘-'";f A
Whey b T=90%C
PL = Jadm
= —Cor £Toub L WD 47
IH‘-"*:'I W'Iﬁ,b
Ye =0
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2 N

CONDENSING FLOWS

Uniformly heated Circular Tube
Finding x(z), &(z), u(z)

Homogeneous Two-Phase Flow Model - Steady State Solutions

Region X o u
Subcooled G
z<z 0 0 E
Saturated 1
le,-o<Z<Z|x,-1 %e 1+&(l-x¢) G[xevg+(l_xe)vf]
pf 'xe
Superheated G
1 1 e
zZ> ZL‘ -l p8
v 50
2452] | NASA Glonn Research Conter Prof. Issam Mudawar
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HYPRODYNAMICS AND PRESSURE DROP IN TWO-PHASE EYAPORATING AND
CONRENSING FLOQYYS

Numerical Example 1: Determination of Pressure Drop using HEM with Constant Two-
Phase Friction Factor for Heated Vertical Upflow with Saturated Inlet

Saturated water (x, = 0) at mass velocity G = 250 kg/m%.s
and inlet pressure of p, = 5 bar enters a vertical circular
tube of diameter D = 1 cm and length L = 100 cm, where
it is subjected to a constant heat flux ¢” = 10° W/m?2.
Neglecting any kinetic or potential energy effects and
assuming constant thermophysical properties, use the
Homogeneous Equilibrium Model (HEM) with a constant

|
|

N

i$+&+i+$$++$

two-phase friction factor f;, = 0.003 to determine the g’ = %
following: 105 W/ 100 cm
(@) x, (@), x,, D=

® A few .

c

(c) Ap, ‘ _L 0
@ )

G =250 kgim?.s
(e) Ap p,=5 bar

xd =0

October 2013 Short Course

NASA Glenn Research Cenler Prof. Issam Mudawar
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HYPRODYNAMICS AND PRESSURE DROP

CQNRENSING FLQYYS

Finding x,[z] and the
z location where the
thermodynamic
quality x,
Oand x, =1
Finding x,[L]
Finding x[z] based
on x,[z], and finding
x'[z]

zplz_] i=x"[z]

TFAWS- 2014, Cleveland OH

\

Cpf ATzub #DD g

xel[z_] := + z
hfg W hfg
W Cpf ATsub
gxell s —— ;
> m DD g

Print["z|x-.=0 i= ", zxe0]

Z|%==0 is 0.
Ed xe[1l]; Print["x_[L]=", xe[L]]

%o [L]=0.759013

hfgw

Cpf ATsub W
zxel = + :

DD g DD g

If[zxel » L, zxel = L, zxel]:;

%[z ] :=Piecewise[{{0, =z < zxe0}, {xe[z], z > 2xe0 && =z < zxel}, {Min[xe[L], 1], =z > 2xel}}]

z [m]

August 4-August 8, 2014

N TWO-PHASE EYAPORAT

NG AND

p = 5(*bar#);
cpf = 4312 (*J/kg.K#) ;

hfg=2.108%10° (+7/1g4) ;

vE= 0011 (+m? /kg#) ;

wg = .3748 (*1‘.15,_-":kg*};

uE=180.1x10"% (skg/m.s+); pug=14.06x10"% (skg/m.s+);
g=1.0x% 1l:ll6 [*1’4‘}_-51?12*}; ATsub =0 (+°C#) ;

g=9.8 (*1?1.3_2*};
6=90/180 x;

DD = .01 (#m=);
L=1 (+m%) ;

G =250 [*]—;g;.-':mz .s%) ;

pp?
Ww=cw |—|;
4
mop?
A= (#m= %) ;
i4n
peri= A DD (*m#+); DF = (#m#) ;
peri

vig = vg-vE;
ReyMum = G DF / uf;

Plot[x[z], {z, 0, L}, Frame » True, FrameLabel + {"z [m]", "guality ="}, GridLines » Automatic, LabelStyle » (FontSize » 16)]

o] Xe 20O
Ke OHegl
4 %exi
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HYDRODYNAMICS AND PRESSURE DROP IN TWO-PHASE EYAPORATING AND
CONRENSING FLOWS

Pressure Drop in Two Phase Homogeneous
Equilibrium Model

C?/ﬁ sin B

From Consewatlon of Momentum

/

f-%‘f.zs.
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CONRENSING FLQWS

TFAWS- 2014, Cleveland OH August 4-August 8, 2014

HYDRODYNAMICS AND PRESSURE DROP IN TWO-PHASE EYAPORATING AND

+ Frictional -—ZP / - ?f__/f Eliven Dun= 4A
Pressure Drop 2 " 4% 4 /s J/ZZQ)
- G - F
> "% i b ( z
M
+ Acceleration =4 p = Wﬂﬂf = %/ %/q /b/ 5 (
Pressure Drop %A dz 12\PA) 2 \P
= W2 B+ 4 _,K/’v) Az
A az \/j 3 y " Tz
- Pressure Drop | = Dgasne 4 48n8
due to Gravity j’; é d 5;;5+kg)fj)
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+ Observations
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Delermine —the Rictiona | @@A«'@M "EJ‘OM Meas U rement
o Hota| grressure fadeend
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HYRBRRYNOMISS ONR PRESSHRE REQP [N TWQ-PHASE EYOPQBATING 6MR

+ Two-phase Friction Factor
—da"; /F - 25‘: Frp %Z?f/”z’gf)

Bj A'mlbﬂb)f wWitn 6(%"?-4”96 {ow

- c l Pl — N
= = £ [k
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—‘/E'NM.XH/ yscos!
= fro = {7 I T
_dp = 2
T e = 5 A Lr /7 +sz2)

% %

B (%)

4}2 <«— TWOPhase ¥ ichovy Mulhplier
o

|
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az F
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HYPRODYNAMICS AND PRESSURE DROP IN TWO-PHASE EYAPORATING AND
CONRENSING FLOQYYS

Pressure Drop Calculations/Constant Two-Phase Friction

Factor
& Yoe ConstanT A q7p

*ag FJCTP@QJLL1+XF%/J;j

Pressure Drop Calculations/Using Two-Phase Viscosity

Models
U/;»M V"fco.cw Mec els Me Adame L =X 4 1-x
(442) | R
(‘{__P = V& C"Z)ICF_() | ]
= & 51 Ciccihy T R
\ 4z De J | Lice lqt%}a K= Xpg + (1 ?L)Mﬁ
. ] .f o\ a s
fo 5 P b+ ) Luckler 1"53 Moo= f’?fw (1- ) \ e
J fo [C Drjl /T \/)5/ K >t f}“i
1| ?’?)j + |-x“ﬁ qJJC
L /)
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D

Two-Phase Viscosity Models

ug pf
LMA[z_] := (#kg/m.s+); "McAdams";
x[z] uf + (1-x[2]) ug ‘
pCl[=z_] :=x[2] ug + (1 -x[2]) puf (*kg/m.s*); "Ciccitti et al.";

uD[z_] := xl=1 voug + (1 -=x[=]) vEuf (#kg/m.s«) ; "Duckler”;

- x[z] vg + (1-x[z]) vE l
Plot[{ uMA[z], uC[=z], uD[=z]}, {2, 0, 1}, Frame » True, FrameLabel » {"z [m]", "urp[kg/m.s]", """, "} TLabelStyle -+ (FontSize » 18),
FrameTicks » Automatic, FrameTicksStyle » Black, GridLines —» Automatic, GridLinesStyle » Directive[Dotted, Gray]]

08 10

04 06
z [m]

coef = If[ReyNum< 2300, {¢=16, n=1}, If[4><103 < ReyNum < 2x10%, {e¢=.079, n= .25}] ,
If[ReyNum > 2x10*, {c = .046, n= .2}]]

TFAWS- 2014, Cleveland OH August 4-August 8, 2014 29
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HYRRODYNAMICS AND PRESSURE DROP IN TWO-PHASE EVAPORATING AND
CRNREMINE FLQYYS

» Total Pressure Drop

__{ ”JD — _/d \' (A, [
2/ [29 ! ”?D;_i T ER
Total| o i \ /A ) ({2/4{
74 2
= == G | + ’)(7)
TP &1 Y i
Dr ¥ y < /Df/
+ G* P dy
fj CI_i)
+ g")l/\Q

5 (L+ L Vp)
V¥

aAp(z) = Apliqu.id phase T [
Gucot B {22) 7 (Z2) @ o1 #2) (%)) # G 0g(52) + 2D} 2 2] +

Ap Vapor phase
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HYRRODYNAMICS AND PRESSURE DROP IN TWO-PHASE EVAPORATING AND
CQNREN3ING FEQYY

Numerical Example 1: Determination of Pressure Drop using HEM with Constant Two-
Phase Friction Factor for Heated Vertical Upflow with Saturated Inlet

Saturated water (x, = 0) at mass velocity G = 250 kg/m?.s
and inlet pressure of p, = 5 bar enters a vertical circular
tube of diameter D = 1 cm and length L = 100 cm, where
itis subjected to a constant heat flux ¢” = 10 W/m2.
Neglecting any kinetic or potential energy effects and
assuming constant thermophysical properties, use the
Homogeneous Equilibrium Model (HEM) with a constant
two-phase friction factor f;, = 0.003 to determine the

~
-

BRI EERLE.

e 9
i"
I ERINEERERERERNR)

following: J 100 em
(a) X, (Z), Xel =
(b) Apg Icm
z

(c) Ap, _I_ 0
(d) Apg ﬁ

G =250 kgim® s
(e) Ap p; =5 bar

x,,=0

October 2013 Short Course
NASA Glenn Research Center

TFAWS- 2014, Cleveland OH

Prof, Issam Mudawar
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HYPROPYNAMICS AND PRESSURE DROP IN TWO-PHASE EYAPORATING AND

Forming the Pressure Gradients Infegrands

R [G DFy-n {uMA[=z] jn pac [ . x[z] v‘fg] . vEgxple] + g 5in[6&] .
v vE (1+x[z] vEg/vE)
intels ] s — o [GDF Hc[z] [ x[z] vfg] 7 vEgxple] + g Sin[6]
vE (1+x[z] vEg/vE)
G DF ;m[z] x[z] vig g 5in[6] |
in 2] :=—e vE =
tol=] [ [ ]+G e ]+vf (1+x[=z] vEg/vE)

Numerical Integratfion

APMA[zz_] := NIntegrate[intMA[z], {=, =xel+ .00001, =z=}];
APC[zz_] := NIntegrate[intC[z], {z, zxe0 + .00001, =z=z}];
APD[zz_ ] := NIntegrate[intD[=z], {=, zxe0+ .00001, =z=}];
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Plotting AP as a Function of z |

pPa = Plot[{ APMA[z], APC[z], APD[z]}, {=, zxe0, zxel}, Frame + True, FrameLabel + {"z [m]", "APy, 57 [BPa]", "", ""}, LabelStyle + (FontSize » 18),
FrameTicks » Automatic, FrameTicksStyle - Black, GridLines -» Automatic, GridLinesStyle - Directive[Dotted, Gray]] l

ppsi = Plot[{ AmMa[=]/ (1.013x 10°) 14.7, Ac[2] 1/ (1.013x10%) x14.7, Aep[2] / (1.013x 10%) 14.7}, {2, zxe0, zxel}, Frame - True,
FrameLabel + {"z [m]", "APp +57 [psi]l™, "", ""}, LabelStyle + (FontSize + 18), FrameTicks + Butomatic, FrameTicksStyle + Black, GridLines + Automatic,
GridLinesStyle + Directive [Dotted, Gray] ]

30000
25000+

= 20000¢
15000+
10000
5000¢
Ot

AI:)Total [P
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» Cases Using the Homogenous Equilibrium Model
Ap(z) = Apliquid phase T [
Lieol e A S) " (52 @ w1 #50(31)) + G onl°) + Sty ) 4 4] +

Dr “\ 4 H v(1+2(6) ()
ApVaporphase
| p=5(pare) ; Finding x.[z] and the z location where
Cpf = 4312 (+J/kg.Kx) ; : :
hfg=2.108x100 (+7/kge) ; the thermodynamic quality xo.=0 and x.=1
vE = .0011 (#m3/kgs) ;
vg = .3748 (*m3/kg*) 3 xel[z_] 1= - CpfhiTSUb + n[:;q z
W

uf=180.1x10"% (skg/m.s+); chfATsuz g
ug = 14.06x% 10°% (+kg/m.s%) ; zxel = ADDq ; Llph = zxel; PR 2 G z>zx:1}}]/‘[/!%i >

6 2 . r r .
q=1.0x10°(+W/m?+) ;
ATsub = 30 (+°C+) ; BE[ZBEs=

=[] Piecewise[{{0, z < Llph}, {xe[z], z > Llph && z < intL},

g=9.8 (*m.s'g*);
6 =90/1807m;

0.697647
DD = .01 (+m+) ; =plz | =x"[z]
L=1 (+m#);
G = 250 (*kg/mQ.s*

{Min[xe[L], 1], z > intL}}]

Plot[x[z], {z, 0, L+ .5L}, Frame -» True,
; L2ph = zxel; FrameLabel » {"z [m]", "Quality x"}, GridLines - Automatic,
op?) 7DD g 7DD g LabelStyle -» (FontSize - 16) , PlotRange » {{0, L}, {0, 1}}]
WEEE || =) If[L2ph < L, intL = Loph, intL = L] ;

) hfgw Cpf ATsub W
+

zxel =

10

7 DD2
T
(+m?%) ;

4a
peri=aDD(+m+); DF = (#m=) ;

peri
vig = vg - vE; ReyNum = GDF / uf;
ReyNumg = GDF / ug;
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HYPRODYNAMICS AND PRESSURE DROP IN TWO-PHASE EYAPORATING AND

~ L/ A AR} JIM AT

CQNRENSING FLQYYS

HMA[z ] := Ho UE (*kg/m.s=*) ; "McAdams" ; If[ReyNum < 2300! {c= 161 n=1}]
x[z] uf + (1 -=x[z]) pg 3 a
HC[z_] :=x[z] ug + (1 - x[z]) uf (+kg/m.s*) ; If[2.3x10 <ReyNum < 2x10°, {¢=.079, n= .25}]
"Ciccitti et al."; If[ReyNum > 2x10%, {c = .046, n = .2}]
WD[z ] i= x[z]vgpug + (L-x[z]) vEuf

x[z] vg + (L-x[z]) vE e F0R0FOTHOTD 5

LogPlot[{ uMA[Zz], uC[z], uD[Zz]}, {=z, 0, 1}, Frame » True,
FrameLabel -» {"z [m]", "yrp[kg/m.s]", "", "0}, If [ReyNumg < 2300, {c =16, n=1}]

LabelStyle » (FontSize » 18), FrameTicks » Automatic, If [4 x 103 < ReyNumg < 2% 104 {c= 079, n = 25}]
7 e 7 = .
FrameTicksStyle » Black, GridLines » Automatic,

ﬁ 4
GridLinesStyle » Directive [Dotted, Gray]] 1f [ReyNumg >2x107, {c=.046, n=. 2}]

{0.046, 0.2}

_'2_,‘10—4 [OOSR S FR
@ -4 —
1.%10 >
£ . =
;: 5 %1075 Ap(z) = APliquid phase i [
o SRR
S -5 2 (GD )‘"‘(z({))” 2 ( (v )) 2 dx(£) sin(4) } ]
= 2.x10 = ol 2=E e —gand)
1 %107 : jox,:O{Dp c( K H G i 1 +x(f) vf +G vfg( dz )+ vf(1+x(8) (% tu df
’ 00 02 04 05 08 10 .
2 [m] ( ApVapor phase
UMA | 2 ¢ ReyNum ™ v£ G2 Liph
intMA[z_ ] := — c [GDF [zﬁ szf [1+ x[z]T'fg) +G2 vEg xp[z] APMA[zz_] := NIntegrate[intMA[z], {z, zxel + .00001, =z2}] + crey: umDFv P +
gSin[S] : 2 ¢ ReyNumg ™ v£ G2 (L - intL) .
vE (1 +x[z] vEg/ vE) DF .

2 GDF\-n (uC[z] \n x[z] vE 2 ¢ ReyNum ™ v£ G2 Liph
intC[z_] := — c[ ) (L) 2 vE (1+ M) + 62 vEgxp[=] +?APC[ZZ ] := NIntegrate[intC[z], {z, zxe0 + .00001, zz}] + coey e T Lo
DF uf uf v - DF

g Sin[e] 2 ¢ ReyNumg ™ v£ G2 (L - intL) .
vE (1 +x[z] vEg/ vE) DF "
. 2 GDF\-n (uD[z] \n 5 x[z] vEg 2 & ReyNum~" v£ ¢2 Liph
intD[z_] := 5 [F) (T) G* vE (1 + T) +G” vEigxp[z] + APD[zz_] := NIntegrate[intD[z], {z, zxe0 + .00001, zz}] + oY u.mDFV 2 +
gsaniol 2 ¢ ReyNumg ™" vf G2 (L - intL)
vE (1 +x[z] vEg/ vE) i

DF
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D

"AProta1 [PSi]", "", ""},
LabelStyle » (FontSize - 18) , FrameTicks -» Automatic,
FrameTicksStyle -» Black, GridLines -» Automatic,
GridLinesStyle » Directive[Dotted, Gray], PlotRange - All]

1 ) , FrameTicks - Automatic,
FrameTicksStyle » Black, GridLines -» Automatic,
GridLinesStyle » Directive[Dotted, Gray], PlotRange —» All]

25000+t

£V

ra

APt [psi]

—
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HYDRODYNAMICS AND PRESSURE DROP IN TWO-PHASE EYAPORATING AND
CONDENSING FLOWS

| Pressure Drop in Separated Flows-Slip Flow Model
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_ ) /\ ) A D A\ _ ) . |
NO-PHASE SEPARATED FLOWS-SLIP FLOW MOE

Features
_ Allows oY ctt‘ﬁemm&/s LA ?Fhage Veloaiteg
_ Intended 7%)\/ anmular ond sStratitfied flows,

" 3@9@*{‘0&6 P\’f\dl»‘&és csjﬁ Ay i A /}aff\as&

Psswmph
55 W(PHS’V\S -é-\/&lPOf

_ 'Diﬁerax/\-i- but UV\.'\{@YM \Lé) . e Lfﬁwd

/Phaéa Veldctsg

_ Uaiformn PrESSUIL ey enthirz Low area

B=P b
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WO-PHA P ARATED FLOWS-SLIP FLO OD |
10 ODO =< )X (Y] /

AAC Y=L L

B Pasic Relatiusns

Q W,
Ug = =3 . = X3 but Aq/A = = A=A

4

%’ W W
% uj} @j&(/\ POjO(/‘\ \_%’ — (f(
L = <
E—
u‘_s'_::. [1_’__()9__)_@;_ ’PYOYY\ Uj = C;:.)_{.I
(4 -—04) & A

\'o-—_- O(f),j 3 (1 -—p{/pf_ Howavev 3S# 4

Tn the Homggamsms e_o(uil(ba/ium ™Mode | 5y We de vded

A :U_‘_%%.ki-rx /\Jg_éuﬂ‘ws«ms based on

}*5“' [S=4
__45 #T)‘: because 3 # L

Vo ~frachon becomes ari unknouwy vy th thie -Formaloﬁw
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O PHASE SEPARATED FLOWS-SLIP FLOW MOE
“._lg 9!9 [ ) Y AA ) AA ‘A‘.-

E0onservahim Laws /Mase bsngervation
: eTransPoerd Theorem

| € Ofot LQCL\; + fsp_kiwd‘s’ = )

| 7 B % Ay

R i 2 M) *2[0us A i
2 I, 8 ST i 2 §ool
ot (93 Aj) —1—52(\0? btﬁ ﬂ) \Oﬁuj W 1 Az at@c A ﬂAZ'

2 b Wiﬁ =i P:Fuji A‘f
> 2 (oA +2, xwW) Wiy =
% qum/% -ngc

(B T3P A us) +Wyy =0

> 2 [@c(\—oe) A+ %2@—%> w] + Wi =0
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WO-PHASE SEPARATED FLOWS-SLIP FLOW MODEL
|AA LLINAD)L DL LN/ TY LI AAD-D1 1L LI AA AT »

@Cpm’mnw) e A /Pmaies
%{[%NAJF(JH;_&)A‘ +g_i(w> =0

B 2 [BA 42 (W) =0 Wiea Qanclled when
ot | | ] ( > aojﬁvﬁbmmtj both /Phauée,s
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O-PHA > ARATED FLOWS-SLIP MO
AA._!Q 9!9 [ ) ( YAAD - .AA

(D Mom endtum Csviserva+ien

Ot S <€u) EY A ys(pu) . . ds - Z:F%

Vv
TR a1 n
Rake Mom. Mom, Ont — Ned —]Cavciz
Stova e, Mom. 1 ) on G.V |
A —tB)angﬁ U\q Ag) Az 42 %
USA 4 (@ L Ag/ Ty By %‘PM a%ﬁDN)) z

4 S\ fj Aj Az
TP Az

[ X Bt

Ci P A2
?J:j.bz

TFAWS- 2014, Cleveland OH August 4-August 8, 2014 49



NASA-Glenn Research Center Fluid Systems and Cryogenics ug Fluids and Transport Processes
9 ! 9 [ )  YAAD - ) AA M (Y1)
& ‘\/&Pav (Z hase, |

AAC VL ! é _
8 (PyuiqocA) + B3 (£ Ug oA) Wiy wit = —olABp TPy - AR Popasie
& Liguid phase |
N (ch Vg ( }~—o()i\> +9%’\% ujﬁ(: —o()+\)+\/\}j’z) U
e u.( J -ﬂ-.{}{) A ?} P —-’CF% 'P;:+ —f—?l P{ —@(\ —D() Agélfxg

& Combined
= "A(B? ?@P = D? -—L@M—t%(n—o! ]Aﬂsme
Tndtr frcial “erong Cawn @] swt —
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ARATED FLOWS SLF S
9 ! 9 - ( VAN - . AN “ -

‘. /\ »
AN -_lQ

‘ Mass, Enerécj f/» M om endum
o Maxs 94:@_/>) + 25(W) =0
,@ M ementm 9_,:@\1)-(-‘2 ([{)ﬁ(}((? (XJ- Pf( |—o< <§!-—x) A)JA

tr (1=
= —2£P ‘@F’} '!:;:j "“tp’f (=N \FAﬂﬁ B

(@ Conservatuwm o1 néra g .

J

Tnder nal «#v&éwju > heat , and wovk,
10, [pﬁ ﬂo(A +h ¢ \—a)f\]—ka&’xwh?‘-f(l—xjwhﬂ (@r PHﬁ.fqr” p#)
+ [a’/ X A.,_tf}:/(( j +a,c( A)

L T3
Here | TR E _
h hy+Usp +gzsie = + Y sasswe
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WO-PHASE SEPARATED FLOWS-SLIP FLOW MODEL |
|AA LLINAD)L DL LN/ TY LI AAD-D1 1L LI AA AT

O Coviservatim &T rﬂmmg

Tnter na | ALY > neat , and wovk,
28 []oj ?nﬂo&’ A " h;(\—o()f\-i —1—3&?’7( Nhﬁo +( (—x}\/\’ h’:{:(qf;} Puﬁ +9r7'c ’Ph‘_’c)
97 o A _,.@;//(,‘:N) A] + 2 (pA)

L T3
Here

hj_% +Uﬂ/2 +g%sm@ Iy :'h* + _L_i;f *gﬁswﬁr
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AA._!é :éEé : :AA ) : .AA “

1 5%@&@1&@ State and otheyr 6\M@&{ﬂ%’€ahm$
Steady stale 9t ) =0 = s+ Nui fy ‘%(e\c'u
= GW =0 = W=0mst=GA Wrn A cwsh
= A = Constant
Neﬁlgmg}\.—:} ki erte and fij::-.o-iw\%*{mi £nergy
) ) )
h\{ — n, =y X =Xe
Mom en o
2 o 2 \_?(\7“ _..._Cf ——‘ZFP . ap’—*.-—-o
2 HZQC_ + (=%) =—%H i\_a} Cq Py —pq 9@
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NO-PHASE SEPARATED FLOWS-SLIP FLOW MOE
‘E'm-‘z‘m%u3
Wd__bz _q,/" PH h:h}-{’r)((h_fﬁ
9" Py = q‘;} Pag + Qr;c Pu,
% C_{grz o %//g-l
A Z Whﬂ
2
= ’)(6(2) - XE')( : = % S A

We Knows K Ezj

> Tn+te momentum eor/«ahfsm, ol and TV ave
—H1ie WU ErWOUWINAS
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ARATED FLOWS SLF S
9 ! 9 - ( VAN - . AN “ -

‘. /\ »
AN -_lQ

As i Ha pre VidUs vy mulatum

—4—9 il ﬁ’ ‘“‘%P& A«’f‘ ,dgpzsév

@'Fﬂch'@/\a I
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O-PHA PARAIED FLO -SLIP FLO @ I
(Y <00 CODO|ER R REIL [EEY (X<

?1ayhfmf(-hkﬂaw1bﬂzW£ﬁg %W”éﬁkaaruﬂ,{Muj
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PRESSURE DROP IN SEPARATED FLOWS |(&]

Pressure Drop in Separated Flows-Lockhart-Martinelli's
Approach for Adiabatic Flows

e —
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)
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CDERRUE RS 1N SEFOBOER THYS

v
Example Problems . Y
P Quality as a Function of z, x.(z) 10 (a-orange. xe-Blue
"Fluid is FC-72" e
xelz 1= -——1fs ' Whig 038
P = 2(xbars) ; xe0 = xe[0] = 0.6
Cpf = 1136 (+J/kg.Kx) ; xel = xe[L] 204
hfg = 87272 (+7/kgs) ; -
ﬂ 0. =y
vE = .0006515 (+m>/kg=) ; 00 : ‘ ; ;
vg = .0387 (+m®/kg=) ; ] 0.00 005 0.10 0.15 020 0.25
Zm
Uf = 349.0x10°¢ (skg/m.s+); axe0 = TRETND  1on - 2xe0; ]
_6 - . - . . -
Mg =12.3x10" (+kg/m.s+); giag = BEOW  CREATMBN . o oaen; Friction Factors on the liquid and gas sides
G =.0062 (+N/m=) ; ~PD.a ziDa
2 'ﬂ If[L2ph < L, intL = L2ph, intL=L]; ff[z_] :=
g=-4.0x10 (*W‘/m‘*) H Piecewise[{{lS (G (lfx:f[z]) Dn)—l, (G (Lx:f[z]) DD) <2000},
—- Q -
afsub = 0 (x°Cx) ; {075 (SLo=SL=DIDD) 75 g, (S (LoxeL=1) DB g 00),
g=9.8 (xm.5 =) ; i : d I u - u
5 -0/180 Void Fraction and Quality [-oss (G(Lx;f[z])nn) 3 (G(l—x:f[ZI)DD) , 20000}]] B
DD = . 005 (sms) ; R S G (xe[2z]) DD\-1 (G (xe[z]) DD
- . Xe|z - Xe|z
L=.25 (*m*) ; [ ] (l 1-_ xe[z] ( )213) P:Lecew:l.se[{{lG ( g ) B ( e ) <2000},
~ al[z 3= + -
G =250 (+kg/m”.s4); - xe[z] {079 (%‘;”DD) 25,2000<(W)<20000},
DD2 Plot[{xe[z], a[z]}, {z, =xe0 + .00001, intL}, G (xe[z]) DD\ --2 G (xe[z]) DD
W:GJ’([—], {.046 ( s ) , ( s )>zoooo}}]
4 Frame - True,
J’(DD2 . FrameLabel » {"z [m]", "xo, a",
A = (#m“=%) ; "g Orange, xe Blue", "0, ConStant C
- e - (FontSize - CC[z_] :=
peri = nDD(*m*) ; Labelstyl (Fonts 18), .
FrameTicks + Automatic, FrameTicksStyle - Black, Piecewise[{{S, (G(]'Lf[z])nn) < 2000 && (M) < 2000},
DF = 3 (*m*) ; GridLines »+ Automatic C(I DDu G - DD
peri ' {12, (—( xelzl) ) <2000 && 2000 < (—(xe[z]) )}
£ = £. GridLinesStyle - Directive [Dotted, Gray], Hg
b St 1 {10 2000<(G(1”‘e[z])m) &&(G(xe[z])nn)aooo}
ReyNum = G DF / uf; Flotrange > {0, 1), {0, 1] ' uE g '

ReyNumg = GDF / ug; 20, 2000 < (G—(l_—xe[i]—)ﬂ) && 2000 < (w)}}]
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DD » » . D DA P A . ‘ @ ‘;
SERURE LA 1IN ODOIER LYY

Frictional, Acceleration and Gravitational

Pressure Gradients

dpdzF[z ] :=
op 26 VELE[z] (1-xe[z])? APg-Blue, AP 4-Orange, AP5-Green, APr-Red
cC[z] vg fg[z] xe[z]? o 1200+
L T Eff[z] (1-xe[z])? = :
vE fi[2] (1-xe[=z])2 v - = -
J wg £g =] xe[z]2 & 1000.—
< : : : : ; :
dptzns ) 1-ve [ELED TS | (el ) o 800
al[z] vE (1-a[z]) o -
apdzerz ] := (L2h (1-a[z]) ) gsingel <1 600r
vg vE << -
o 400}
L L
Integrated Pressure Drop, AP= J; —(dp/dz)dz o 200%
APF[z ] := NIntegrate[dpdzF[zz], {zz, zxel, z}] <] [
e :=szf[(xe[z])2qu+(1—l(xe[z1))2_1] T T T T (R T
et S 0.00 0.05 0.10 0.15 0.20 0.25

APG[z_ ] := NIntegrate[dpdzG[zz], {zz, zxel, z}]

z [m]

Plot[{APF[z], APA[z], APG[z], APF[z] + APA[z] + APG[Z]},
{z, zxe0 + .00001, intL}, Frame - True,
FrameLabel » {"z [m]", "APy, AP,, APy, APp [Pa]",
"APr-Blue, AP,-Orange, AP;-Green, APp-Red", ""},
LabelStyle » (FontSize —» 18), FrameTicks » Automatic,
FrameTicksStyle » Black, GridLines —» Automatic,
GridLinesStyle » Directive[Dotted, Gray], PlotRange —» All]

TFAWS- 2014, Cleveland OH August 4-August 8, 2014 513




PRESSURE DROP IN SEPARATED FLOWS |(&]

Pressure Drop 1n Separated Flows-SFM with Mudawar's
Universal Evaporating Flows Correlation

N
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Contraction 1@ ‘ 10 Recovery
Liqguid 3¢ Saturated Vapor

Subcooled
A complete model must be able to tackle 11 components:

+—— Dominant component

October 2013 Short Course ST Ny o Flow
[] NASA Glenn Research Center  coUrse: Two-Phase Flow  Prof. Issam Mudawar
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N;SAi

More Recent Efforts

Most published correlations for two-phase pressure drop recommended
for relatively large tube diameters. Popular and successful correlations
include those of Friedel (1979) and Miiller-Steinhagen & Heck (1986)

Small diameters crucial to reducing TCS mass in space systems and
ensuring gravity independent evaporation and condensation

New efforts undertaken at Purdue University Boiling and Two-Phase Flow
Lab (PU-BTPFL) to derive universal correlations for small diameters (less
than ~ 6 mm) by amassing published data for many fluids and over very
broad ranges of operating conditions for:

» Adiabatic and condensing flows
» Evaporating flows

The Purdue correlations are being tested against newly obtained
microgravity data

October 2013 Short Course

NASA Glenn Research Center Prof. Issam Mudawar
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al).

Limitations of Two-Phase Flow and Heat Transfer Correlations

* One-phase: forced convection in a pipe:

Nu =0.023Re°*Pr" { Re >10,000
0.6<Pr<l
1T, =f(H2, Ha) < Pr <160
Very powerful correlation applicable to many fluids over very broad range of

flow conditions

* Two-phase: steam-water critical heat flux in a pipe:

f
I, ., <11, <11, ..
" 2 AT H3.rm‘n <H3 < HS,max
_qm_=f(£f;’ G L,g&f -Wb,é, G 3 ae < Hd,min <H4 <H4,mm
Ghy, P, OpP; hy, D p,+gD o< <l
Hl = f(Hl’HZ’HB'H4’H5’H6’ ) o H6,mm <H6 <H6.mar

Simultaneously satisfying ranges for several parameters greatly limits ovérall
usefulness of correlation ... Correlations cannot be extended with confidence to other
fluids and/or beyond their validity range!

October 2013 Short Course
NASA Glenn Research Center : ' Prof. Issam Mudawar
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SEXSURE DKOP IN

/\ ; /\
Dimensionless Groups Emploved by Various Investieators in Prediction of
I'wo-Phase Pressure Gradient

=\)

Liquid- or gas-only Re GD, - R GD, _Inertia
Reynolds number: AT LAl Viscous force
Superficial liquid or gas  p, _G(=%)D, o _GxD, s
Reynolds number: ! u, i T Viscous force
— - Py : Liquid density
ensity ratio: —p_ Vapor density
* 62D Inertia
Weber Number: Wes———" :
[ Surface tension force
. ! u, Gl We Viscous force
Caplllary number: Ca - p;o (- R"fo Surface tension force
/SR
Liquid- or gas-only . PR D, | Re, TR . D, Re;,
Suratman number: TN W ) e W We o
Gz ‘
Froude number: Fr= - .
gD, p; Body force
X g(p/ =P, D} Bouyancy force
Bond Humber: Bd = = Surface tension force

Confinement Number:

Galileo Number: Ga =

October 2013 Short Course
NASA Glenn Research Center

TFAWS- 2014, Cleveland OH

August 4-August 8, 2014

L) \/Surface tension force

Body force

Prof. Issam Mudawar

&
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BERRKDE RS 1D

ARA

Two-phase pressure drop:

4p,

=Ap, + Ap; + Ap,

Accelerational pressure drop:

_(dp) G? d v, X +v[(l—x)

a (1-a)
Gravitational pressure drop:

Frictional pressure drop:
Homogeneous Equilibrium Model (HEM)

2- 23
x|\
where a=|[1+|—*||-
x. J\v,

1-x

(Zivi, 1964) /=

-(j—’z’)c -[ap, +(l—a)p,] g.s’incjb¥

Separated Flow Model (SFM)

=\)

Pressure Drop in Saturated Two-Phase Flow Region

4, >0
8p, <0

for boiling flows

for condensing flows

-Redyisoia sV
Q

gg) 2f, pu’ 2f,u,a’(1”v
dz D D,

"

f, =16Re;
f, =0.079Re;"*
f» =0.046Re*

for Re, <2 000
for 2.000s Re, <20,000
for Re, =20,000

GD,
where Re, = —
!

#)48)7
_( 2f,v

f: =16Re;’

£, =0.046Re;>*

f; =0.079Re*

. L (deldr)
wher -l : -__J.
SR X ? (dp/ ),
G’(l z) _(Q) _2{ v, G x*
)
dz}, D,

for Re, <2000

for 2.000=Re, <20,000

for Re, 220,000 wherek=forg

Two-phase pressure drop:

5 HE)

p 'dp)
| |dz
dz )/, (dz A]

October 2013 Short Course
NASA Glenn Research Center

August 4-August 8, 2014

Prof. Issam Mudawar
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PRESSURE DROP IN SEPARATED FLOWS

New PU-BTPFL Two-Phase Frictional Pressure Drop Correlation for
Evaporating Flow in Small Diameter Tubes
Consolidated database: ¢l 1 2 (dp/ dz
D g I ) !

dp) dp\ .,
2378 boiling pressure drop data points (:f) =("}—) o, where ¢‘? =1+ X + ? - = (d r )
from 16 sources </ \GZ/, p/dz

() AUt (i) 2400
- Working fluids dz}, D, dz/, D,

R12 R134 45 : f, =16Re;" for Re, <2,000

SRR, f. =0.079Re:** for 2,000= Re, <20,000
s pydradie diam . f, =0046Re;** for Re, 220,000 where k= for g

0349 =« D <=535mm

L

for laminar flow in rectangular channel,
fiRe, = 24(1 -135534+1.94674* -1.7012" +0.95648' -0 2537;3‘)

G(1-x)D, ;Re{-G‘D" ; b oD,

Re, = 2
d Ky My

F

109
P
C= Cnon-boilmg l’l +530 We;)ojz(Bo _Psi) ] Re/ <2000

C=C

non-boiling
F

07s
1+60 Wej,” (Bo %L] ] for Re, 2000

G'D, p, .

where -
Wes p;o Ghy

q. effective heat flux averaged over heated perimeter of channel
Py, heated perimeter of channel
P, wetted perimeter of channel

October 2013 Short Course R, e P
NASA Glenn Research Center  COUrse: Two- se Flow  Prof. Issam Mudawar
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B

Example Problems

"Fluid is FC-72"

P = 2(xbars) ;
cpf = 1136 (+J/kg.Kx) ;
hfg = 87272 (+J/kg+) ;
vE = .0006515 (+m?/kgs) ;
vg = .0387 (+m®/kg+) ;
uf = 349.0%x107% (skg/m.s+);
ug =12.3%x10°° (skg/m.s+);
c=.0062 (+M/m=) ;
g=4.0x10%(+1/m"+) ;
ATsub = 0 («°C=) ;
g=9.8 (sm.5"
e=0/180mx;
DD = .005 (+m=) ;

= .25 (sm=) ;
G =250 (*kg/mg.s*) ;

*);

W=0Gx {DD2]'
= el
2
A (+*m”%) ; peri = DD (*mx) ;
A
DE= —— (sms);
peri

vEg = vg - vE;
ReyNum = GDF / uf;
ReyNumg = GDF / ug;

g
BoNum =
oNum Ghg
G2 DF vf
WeNumfo = = — =
P
xels ] i CRESTsuD 7DDG

hfg | Whig
xe0 = xe[0] ;
xel = xe[L] ;

W Cpf ATsub
zxel = W ; Llph = zxe0;
Txel n g G AU N e Zxel
7DD q q DD g

If[L2ph< L, intL = L2ph, intL=1L];

TFAWS- 2014, Cleveland OH

al.

Void Fraction and Quality (Zivi, 1964)

__ 1-xe[z] 2/3\-1
e ) )

PF[z ] := 7DD (1 - a[z]); PF[z_ ] := nDD;
PH = 7 DD

0.015708

Plot[{xe[z], a[z]}, {z, zxe0 + .00001, intL}, Frame - True,
FrameLabel » {"z [m]", "x., a", "a-Orange, X.-Blue",6 ""},
LabelStyle » (FontSize - 18) , FrameTicks - Automatic,
FrameTicksStyle » Black, GridLines - Automatic,
GridLinesStyle » Directive[Dotted, Gray],

PlotRange -» {{0, L}, {0, 1}}]

1.0

a-0Orange, x.-Blue

0.8f ! I
0.6+ -

] /
2
0.4 :

020 /o

0 i i i i
oo 0.05 0.10 0.15 0.20 0.25
z [m]

Friction Factors on the Liquid and Gas Sides
iEE(lz ]| 3=

Piccewise[{[16 (G (d-xelz]) DD)J, (G @ -xelz]) DD) <2000},

uf uE
{079 (W)JS, 2000 < (W) < 20000},
.01 (s (lfx:f[z]) nn)ﬂ' (s (lfx:f[z]) nn) + 20000} ]
fglz_] :=
Piecewise[{{lﬁ (G (xe‘E:]) DD)J, (G (xeﬁ;]) DD) < 2000}.
{.079 (W)_'H, 2000 < (W) <20 ooo},
{.045 (G (xeft:” DD)“Z, (G (xeft:” DD) > 20 noo}}]

August 4-August 8, 2014

DROP IN SEPARATED

=2))

Constant CNon-—Boiling

cclz_] :=

piecewise[{{s, (W) <2000 && (%;”—DD) < 2000},

{12 (w) <2000 && 2000 < (W)},

{10, 2000 < (G (l’x:f[z” DD) & (G (xei;]) DD) <2000},

{20, 2000 < (w) && 2000 < (G (xe[z” DD)}}]

uf

Constant Cgojling

ccM[z ] :=
Piecewise[
{{CC[Z] (1 + 530 WeNum£0"°? (BoNum PH/ PF[z])*"%°),

G (1-xe[z]) DD
( uf

{CC[Z] (1 + 60 WeNum£0"3? (BoNum PH/ PF[z]) %),

(s (l—x:f[z]) DD) >20°0} }]

) < 2000},

Frictional, Acceleration and Gravitational
Pressure Gradients

dpdzF[z_] :=
% 2@’ vE££[z] (1-xe[z])?

CCM[z] . vg fg[z] xe[=z]?
vEff[z] (1-xe[z])?

vE££[z] (1-xe[z])2

vg £g[=z] xe[=z]2

dpdzA[z ] := c?

of ((xe[z])2vg L Lo (xefz]))® 71)
al[z] vE (l-a[z])
(n[z] , Q-alz])
£

dpdzG[z_] := va

gsSin[e]

Integrated Pressure Drop, AP= L L—(dp /dz)dz

APF[z_] := NIntegrate[dpdzF[zz], {zz, xe0, z}]
e :=G2Vf((xe[z1)2vg , (- (xe[z]))? _1)
- al[z] vE (1-a[z])
APG[z_] := NIntegrate[dpdzG[zz], {zz, zxe0, z}]

63
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A

Plot[{APF[z], APA[z], APG[z], APF[z] + APA[z] + APG[z]},
{z, zxe0 + .00001, intL}, Frame - True,
FrameLabel » {"z [m]", "APr, AP, APg, APy [Pa]l",
"APr-Blue, AP,-Orange, AP;-Green, APp-Red", ""},
LabelStyle » (FontSize » 18) , FrameTicks » Automatic,
FrameTicksStyle » Black, GridLines » Automatic,
GridLinesStyle » Directive[Dotted, Gray], PlotRange —» All]

APg-Blue, AP 4-Orange, AP5-Green, AP7-Red

TFAWS- 2014, Cleveland OH August 4-August 8, 2014 64
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Boiling and Condensation Heat Transfer
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» Pool Boiling
% y ;
2 oo o /- -
TepR £ Incipient Boiling Heat Flux |
orsamrety SIS / ,
EF  film boiling ;w‘_ \X 8 U T v hz
i:__ \ qn i sat " fg [
| o
g 40 \ /// kf kfg I
e /
': ﬁrgﬂ&

Superheat required at the boiling mception

kb,

TFAWS- 2014, Cleveland OH August 4-August 8, 2014 66
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Pool Boiling

PDriormrnr 1 .y .
r URDU]} Pool Boiling Regimes

UNIVERSITY

Nucleate Boiling
Discrete bubble formation at wall

Critical Heat Flux
Vapor release jets

Blanket formation
Interrupted liquid supply to wall

Film Boiling
Interfacial instability: heavy fluid
above light
Equally-spaced vapor release cells
Wall fully encased in vapor
Mudawar (1989)

Ea December 2013 Short Course Course:

NASA Glenn Research Center  Two-Phase Heat Transfer Prof. Issam Mudawar
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BOILING AND CONDENSATION HEAT TRANSFER

Pool Boiling

[nciprent Botling Heat Flux

ST

kf hfs

80T v, h*
qg:= %

68
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BOILING AND CONDENSATION HEAT TRANSFER

Nucleate Boiling

Nucleate Boiling: Rohsenow Model

Therefore,
2 3 Cyand s
- s depend on
q'=u,h g(pf Pe ) €. (T" Lo ) fluid, surface
IR o C . h % Prjs material &
surface finish

Rohsenow correlation for saturated nucleate pool boiling

Overall, Rohsenow correlation shows it is difficult to develop a
single universal nucleate boiling relation for all fluids, surface
materials and surface finishes

Realistic representation and relatively simple formulation has made
this correlation the most popular tool for predicting saturated
nucleate pool boiling heat transfer

v .
o December 2013 Short Course Course:
“J NASA Glenn Research Center  Two-Phase Heat Transfer ' 0F- Issam Mudawar
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Nucleate Boiling

Nucleate Boiling: Rohsenow Model

Examples of empirical values for C and s

Wall Surface
Fluid Material Finish Cy §

Rough 0.0068 1.0

Water Copper
Polished 0.0130 1.0
Polished 0.0154 1.7

n-Pentane Copper
Lapped 0.0049 1.7

» Lower C,=> lower superheat for rougher surface

» s§=1.0for water

.4 December 2013 Short Course Course:
.\43 NASA Glenn Research Center Two-Phase Heat Transfer Prof. Issam Mudawar

August 4-August 8, 2014 70
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BOILING AND CONDENSATION HEAT TRANSFEF
'« Pool Boiling Critical Heat Flux

Pool Boiling Critical Heat Flux (CHF)
at Earth’s Gravity

ag(p, -»,)

2

Py

¥4

Q' =0.131p h, for pg << p;

Zuber CHF model

Critical Heat Flux (CHF) for FC-72 ~ 18 W/cm?
CHEF for water ~ 100 W/cm?

What is the pool boiling Critical Heat Flux (CHF) as g approaches o

(microgravity environment)?
This is what happens in a microgravity experiment with nPFH for a heat

- flux of about 4 W/cm? -
TFAWS- 2014, Cleveland OH August 4-August 8, 2014 71




_BOILING AND CONDENSATION HEAT TRANSFER || @]

Heater Burnout in Microgravity

Heater #1 . : Heater #1
)

TFAWS- 2014, Cleveland OH August 4-August 8, 2014
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Flow Boiling Heat Transfer

e —
TFAWS- 2014, Cleveland OH August 4-August 8, 2014 73
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» Depiction of
Convective Boiling
Dominant Heat
Transfer and
Nucleate Boiling
Dominant heat
Transfer

TFAWS- 2014, Cleveland OH August 4-August 8, 2014

Y BRILIN

{ b) £ <0 ~ Dryout Dryout
I incipience completion
- . ]
P reg® "0 . . '
H l.-.-'.o ¢ F N . L ! X
= =) 5 l
Annular flow

. [l L
Single-phase | Bubbly flow | Siug flow |
Uqud | !

h

P Mist flow

®| i |  Convective Boiling Dominant Heat Transfer
z
{a) Dryout Dryout
x=0 incipience  completion
! !
L .L . - — ' h ]
Tl 0RO 0" . o —
- e L C
[ ! '.'...oo. % ?O. °ooo [ Do o, oS 9 Py { . :
SmgL:u-pgaso Bubbly flow | Slug flow [ Annuiar fiow E Mist flow
h'p ’

Nucleate Boiling Dominant Heat Transfer

74
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Incipient Point of net vapor Wwall

boiling generation dryout
Heat | x.=0 X, =1
Transfer ‘ l ‘

. W | Postdfyout | 19
forced | Subcooled Saturated | Annular film @ ToSFOpyoul | 4o ced
convection ' ling boiling | evaporation for : convection
(lquid) 5 (vapor)

L R, S

e e Te . 05
. '. oA S E
“—_“ : * —p—
, N
(liquid) Slug | : (dv'qp) : (vapor)

Regimes
“_‘v December 2013 Short Course Course:
NASA Glenn Research Center Two-Phase Heat Transfer

Prof. Issam Mudawar

TFAWS- 2014, Cleveland OH August 4-August 8, 2014
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» Flow Boiling Heat Transfer

L e i |
T l I_ .ri 0 | l x,=1 l
T |

EEmm s mm. .-
B T T EpRp—

i

T ep— -

TFAWS- 2014, Cleveland OH August 4-August 8, 2014 76
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=< Y RIRILINAZ MEST IBOMNRER -

Flow Boiling Heat Transfer

Flow Boiling: Heat Transfer Correlations

1. Subcooled and Low-Quality Saturated Boiling Region (x, < 0.05)
( Bjorge, Hall & Rohsenow, 1982)

Lllll
GE> T,
TTTTT?TT

Single-phase forced convection:
q'rc = hyc (Tw L 7;) = Ry [(Tw = Tm) +(Tuf = Tb)]

hye D

where

vasafl December 2013 Short Course Course:
NASA Glenn Research Center Two-Phase Heat Transfer Prof. Issam Mudawar
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OW BC &
=< Y RIRILINAZ MEST IBOMNRER -

Flow Boiling Heat Transfer

Flow Boiling: Heat Transfer Correlafions

log ¢ ¢"vs: Bolling
(from Rohsenow
correlation or Mikic &
/) Rohsenow model)
i &
r ¢"sc* 1¢ forced convection
) ! Not 45° 8|ope due to
g / subcooling
/
!
!
i/
U e BT ——
corresponding !
to actual :
T',‘ e T~
log (T~ T,,) log (T, -T,)
From incipience model

December 2013 Short Course Course:
NASA Glenn Research Center Two-Phase Heat Transfier Prof. Issam Mudawar
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» Flow Boiling Heat Transfer

» Flow Boiling Heat Transfer in Subcooled Region
xe<.05 .

Excess above forced convection due to boiling

——

e ———

2V2
W2 |
7=[%HTu-a0)] - [q":.: +q':,( -ﬁ) ]

=)

TFAWS- 2014, Cleveland OH August 4-August 8, 2014
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» Flow Boiling Heat Transfer

Saturated Bolling Region (x, > 0.05) l
Chen (1963) ASME Paper 63-HT-34

=h=S§ hy, +F hg,

Nucleate boiling
Boiling suppression factor

Forced convection to liquid film

2¢ heat transfer multiplier

TFAWS- 2014, Cleveland OH August 4-August 8, 2014
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More
boiling

asx 7
S decreases

-——
o

due to suppression
of nucleate boiling

—

Flow Boiling Heat Transfer

More forced
convection to
Liquid film

/ F increases
¥ 7 due to acceleration resulting
from film evaporation

TFAWS- 2014, Cleveland OH

August 4-August 8, 2014
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(YW R( ) \ — - A 2 AN »

» Flow Boiling Heat Transfer

where

079 045 049

| T e TP 0.24
g =000122| =L 2ps O L) (Prak, -2y
NB ( o= > p:m) (Tw ) Pnl-;_ pmlr_

0.75

Based on Forster & Zuber correlation (1955) for nucleate pool boiling

s
kLD = 0.023 Re)® Pr)’
/

TFAWS- 2014, Cleveland OH August 4-August 8, 2014
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Chen’s correlation: Calculation procedure

~ Calculate the Martinelli parameter for the tlow

» Evaluate the empirical function F

» Calculate the single phase heat transter coetficient

» Calculate the two-phase Reynolds number Rerp

» Evaluate the empirical factor S

» Calculate the nucleate boiling heat transter coetficient
» Calculate two-phase heat transfer coetticient hrp

» Calculate q = htp ATsa

TFAWS- 2014, Cleveland OH August 4-August 8, 2014 83
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Examples of FloBoiIig Heat Transfer Coefficient
Prediction

Numerical Example 4: Determination of Flow Boiling Heat Transfer

Coefficient using Chen (1966) Correlation

Saturated FC-72 (x, = 0) at mass velocity of G = 250 kg/m2.s and inlet pressure of p, = 2
bar enters a horizontal circular tube of diameter D = 5 mm and length L = 25 cm, where it
Is subjected 1o a constant heat flux of g” = 4x10* W/mz2.

Assuming constant thermophysical properties and using five Az increments along the
flow direction, use the Chen (1966) correlation to determine the following:

(@ x (@Dx,,

® f-(u D=5mm q" =dx10' Wim*
(c) h(z) (;:250‘8/",:3 ¥ # h 4 + + ‘ * + + + *
pi=2 bar
S EESZEZEREE.
| ¥
(‘l)_': L=25cm f

auaf December 2013 Short Course Course:
NASA Glenn Research Center Two-Phase Heat Transfer

Prof. Issam Mudawar
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LYY BSIHID

Solution:

(a)

it -1.467';’ x0.25 m =0.367

(b)  Chen(1966): h=Eh,+Sh,
k
=0.023Re;* Pry* L
h, =0023Re, D

kon oasv024 J

I '000122(005 “Eﬁom ;»49

o

where
0.1 09 0s
“’ (l : x') (p'
x" Lo £ =
I“ xc p/
December 2013 Short Course
NASA Glenn Research Center

TFAWS- 2014, Cleveland OH

Thermophysical properties of FC-72 at p = 2 bar: ¢ {
0.0006515 mkg, v, = 0.0387 m?/kg, x, = 349. ox1d’ kg/m.s, p, = 12. £10° Skg/m.s, o = 0.0062
N/m, k= 0.0514 Wim K, Pr,=7.7212, p,,, = 1830 kPa

(xD)q" _ (7x0.005 m) x4 x10'w Im*

X, = SEe—g
xD
G( 4 )h,‘ 250 kg/m’s x

178
E -(1+ }133) . §=09622-05822 tan™ {

1EA T IRANSFER

Flow Boiling Heat Transfer

Numerical Example 4: Determination of Flow Boiling Heat Transfer

Cocefficient using Chen (1966) Correlation

= 1136 JKkg.K, h,, = 87272 J/kg, v, =

— z=1467z2
x 87272 J/ kg

TO.Z‘ APO .75

Re,VE'”
6.18 x10*

Course:
Two-Phase Heat Transfer

Prof. Issam Mudawar

August 4-August 8, 2014
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Flow Boiling Heat Transfer

Numerical Example 4: Determination of Flow Boiling Heat Transfer
Coefficient using Chen (1966) Correlation

AI;.I -Tw "T“'
AP, =P (P,atT,)-P,

Wall temperature is numerically calculated using 7, =7,, +¢'/h

Node # 1 2 3 4 5
X, 0.073 0.147 0220 0.293 0367
hyy 350.9 3285 305.7 2825 258.8
E 2.708 3.630 4.502 5.407 6.396
S 0.855 0.821 0.794 0.773 0.754

AT, 11.25 11.00 10.82 10.66 10.53

APy 7.27x10% 7.10x10* 6.96x10* 6.85x10* 6.76x10*
hus 3049 2977 2022 2878 2840
h 3556 3636 3698 3751 3797

1
© k=7 S h (2)dz {3688 W Im’K

December 2013 Short Course Course:
NASA Glenn Research Center Two-Phase Heat Transfer Prof. Issam Mudawar
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Flow Boiling Heat Transfer

Numerical Example 3: Determination of Flow Boiling Heat Transfer
Coefficient using Kim and Mudawar (2013) Correlation

Solution:

Thermophysical properties of FC-72 at p = 2 bar: c L= 1136 J/kg.K, hy, = 87272 J/kg, v, =
0.0006515 m%kg, v, = 0.0387 m3kg, u,= 349.0x10° kg/m.s, U= 12.3x10%kg/m.s, o = 0.0062
N/m, k;= 0.0514 W/im K, Pr,=7.7212, p,,,, = 1830 kPa

(a) (xD) q" (7% 0.005 m) x 4 x10* W / m?
X = - p——— b o) — —
° o[7P’ 0.005 m)’
G( 4 ]"f: 250 kg/ m’s x [n_x_( = m)_ x 87272 J / kg

X, =l.467,:' x0.25 m 50.367

z=1.467 z

(b) Kimand Mudawar (2013): h =(h, 4-/:3,,)0's

For nucleate boiling dominant regime :
[ 0.70

P -051 k
hy = 2345(30 P:) P*(1-x,) ](0.023 Re}* Pry* D/]

L]

For convective boiling dominant regime :

P 0.08 1 094 P 025 P
-054 3 -y
ol o Joonror )

P G(1-x,)D G'D W A
Bo= " | Py=- Rey= =¥ L5 | Wey,= . X, = E| [FE) |2
Ghy £ s " po ]

X,

€

e

December 2013 Short Course Course: Prof. | Mud
NASA Glenn Research Center ~ Two-Phase Heat Transfer assamsucawar
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Flow Boiling Heat Transfer

Numerical Example 3: Determination of Flow Boiling Heat Transfer
Coefficient using Kim and Mudawar (2013) Correlation

qy - effective heat flux averaged over heated perimeter of channel
Py: heated perimeter of channel
Pr: welted perimeter of channel

Node # 1 2 3 4 5

X, 0.073 0.147 0.220 0.293 0.367
Bo 0.0018 0.0018 0.0018 0.0018 0.0018
P/Pg 1 1 1 1 1
Py 0.1093 0.1093 0.1093 0.1093 0.1093
Wey, 32.861 32.861 32.861 32.861 32.861
hns 4479 4373 4260 4140 4011
hey 425 621 803 977 1146

h 4499 4417 4335 4254 4171

Large values of h,/h,, indicate that nucleate boiling is dominant heat transfer regime

© A= frh(z)de (4335 WIm'K

Prof. Issam Mudawar
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Flow Boiling CHF: Mechanisms

ER

Saturated
Boiling 1, out [ * Low AT, | |+ HighA7,,, |
* LowG * HighG - é
T e * Lowg” * High ¢” k
» LargeL « Small L 2:
Liquid film g ** 3
evaporation i Annular g
flow é
Bubbly ;’
* flow f
- Slug g
Saturated q flow B
boiling [ ] 3
?n‘?
Bubbly fj
flow :
Single- Single-
phase phase :
liquid flow liquid flow L=

Suboooled

and Low-

DNB Quality
" Boiling

Subcooled
bolling

- vass SV OMLURTY SALAMGTRE CONA L O 2 NN NS ET TR O TN e e

=
/

Forced
convection
heat transfer
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Flow Boiling CHF: Mechanisms

1. High-Quality Region

CHF = Dryout

* Occurs at much lower ¢”
than DNB
Dryout

» Wall temperature
excursion less severe
than DNB because of

« Lower ¢”

Annular « axial wall conduction

film

December 2013 Short Course Course:

NASA Glenn Research Center  Two-Phase Heat Transfer Prof. Issam Mudawar
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LYY BOILING HEAT TRAN

Use Separated Flow Model determine axial variations of:
U, vapor layer velocity
LZ liquid layer velocity
o vapor layer thickness

Critical interfacial wavelength

2 f 2
2x_mA(U-U))  |eei(v,-U)
A, 20(p;+p2) 20(p;+p:)

where p} = p, c.'oth 2nH, /A,
P, = p,coth EZ::H’2 /A‘f

2 3 (p’ _ PA)S,[
o

Mean pressure difference across wetting front
4n06 .
P,-P = bA sm(nb)
where b s ratio of wetting front length to wavelength
Interfacial lift-off criterion

Wetting gg,, Dry
front

)

. Flow Boiling Critical Heat Flux (CHF)

Interfacial Lift-off CHF Model

wall

Critical Heat Flux

Sy NASA Glenn Research Center Two-Phase Heat Transfer

TFAWS- 2014, Cleveland OH

August 4-August 8, 2014

2 for slight subcooled inlet conditions
q.
P, -P,=p, |- = -ots 1/2
h,+c;; AT, drod .
P:( et Co.s Aot ) q, =bpg(h]g+cij7;ubo) = sm(arb)
Surface energy balance : 4 o) blc
qn =bgq,
December 2013 Short Course Course:

Prof. Issam Mudawar
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Flow Boiling Critical Heat Flux (CHF)

Bge U=14m/s, AT, ,=56°C uge U=0.14m/s, AT, , =228 °C

TFAWS- 2014, Cleveland OH August 4-August 8, 2014
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Flow Boiling Critical Heat Flux (CHF)

Testing Results-High Speed Visuadlization- m = 2.5 g/s

36% 57% 79% 92% 100%

% of CHF achieved in each of the 5 low gravity paraboli performed at 2.5 g/s

‘‘‘‘‘‘‘‘‘‘‘‘

TFAWS- 2014, Cleveland OH
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Flow Boiling Critical Heat Flux (CHF)

CHF (W/cm?)

Op 02 04 06 08 10 12 14 1.6
U (m/s)

Fig. 4.2 Parabolic flight results: (a) Wavy Vapor Layer CHF Regime
prevalent in ug, at both low and high velocities as well as near-
saturated and subcooled conditions. (b) CHF transient in ug, for U =
0.15 m/s and AT, ,=3.0°C. (c) Pool-boiling-like flow boiling at 1.8
g.- (d) CHF data for ug, and horizontal 1 g, flow boiling.

B“.. - (pf - p.t’ )(pf + p;):U.Q[- <0.09. _ (lﬂf - Iﬂu)_"!"r DJ; < '“l 'J.

|
We’ p; p;U* Fr p,U"
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Examples of Flow Boiling Critical Heat Flux
Prediction

TRy Numerical Example 5: Determination of Dryout Incipience Quality using Kim & Mudawar
vwivensivy  (2013) Correlation and CHF using Katto (1981) Correlation for Flow Boiling in Tubes

Saturated FC-72 (x, = 0) at mass velocity of G = 250 kg/m2.s and inlet pressure of p, = 2
bar enters a horizontal circular tube of diameter D =5 mm and length L = 25 cm, where it
is subjected to a constant heat flux of g” = 4x10% W/m2.

Assuming constant thermophysical properties and using five Az increments along the
flow direction, determine the following:

(a) Dryout incipience quality, x,, using the Kim & Mudawar (2013) correlation

(b) Critical heat flux using Katto (1981) correlation

D=5mm - 4104 Wim?

Getsotgmts S E LG4 4 Y44

p; =2 bar
W R PR |
|

(l)—vz L=25cm ‘
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Flow Boiling CTH

Numerical Example 5: Determination of Dryout Incipience Quality using Kim & Mudawar
NIV ERSTTY (2013) Correlation and CHF using Katto (1981) Correlation for Flow Boiling in Tubes

Solution:
Thermophysical properties of FC-72 at p = 2 bar: ¢, ,= 1136 Jkg K, i, = 87272 J/kg, v, =
0.0006515 m/kg, v, = 0.0387 m¥Kkg, u, = 349.0x10° kg/m.s, u#,= 12.3x10€ kg/m.s, o = 0.0062
N/m, k, = 0.0514 W/m K, Pr,=7.7212, p,,, = 1830 kPa

(a) First, determine quality at the exit (z = L):
D)g" 0.005 4x10* W/m*
s (= D),q L= (i) S x(0.25 m) 40367
cl P\ 2. _ | 7%(0.005 m)
4 -8 250 kg/m*s x y x 87272 1/ kg
/
Dryout incipience quality (Kim and Mudawar, 2013):

P 01 006
xd-].4We;°3P:“—15.O(Bo “) Ca""("'-]
Py Py

”

. G

where We,,,=GD , Pp= E Bo = T . Ca=“'
: p,' o Puu th P/a

003
5 (250 kg/m?s)” x0.005 m ( 200 kPa ‘]""‘
x, =14x - . x
it (00006515 m’ /kg)” x0.0062 N/m | \1830 kPa
0.35
lSOx( _ Ax10W/m ]‘”’ 349.0x10* kg/msx 250 kg/m’s | (00006515 m' /kg\™
" \250 kg/m*s x 87272 7 /kg " (0.0006515 m’* /kg)” x0.0062 N /m 0.0387 m’/kg |

Since x,, (= 0.419) is larger than x,, (= 0.367), dryout is not expected anywhere along the tube.
December 2013 Short Course Course:

Prof. Issam Mudawar
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Flow Boiling CTH

- Numerical Example 5: Determination of Dryout Incipience Quality using Kim & Mudawar

(2013) Correlation and CHF using Katto (1981) Correlation for Flow Boiling in Tubes

(b)  Critical heat flux (Katto, 1981):

CHF =¢q, =q., 1.0+K-Ah"‘°"‘
h,s

G =025(Gh,,) LlD
2

/ 1 G'L
~0.043
Gz = C(Gh,,) Wt where We = .
0.133

1

pl -3
=0. h W : .
Gaui=0 15(0 h)[p,] > 1400077 L D

0,133

0
Py We-04% (L DH)

m

Foos =026(Gh,)

o) 1+0.0077 L D
K, =1
0261
¥ owe®
0.5556(0.0308 + D'L)

T\0133

" (pp,) e

3

December 2013 Short Course Course:
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Flow Boiling CTH

- Numerical Example 5: Determination of Dryout Incipience Quality using Kim & Mudawar

(2013) Correlation and CHF using Katto (1981) Correlation for Flow Boiling in Tubes

For L'D <50, C =025
For L' D>50, C =034

When ¢, < Glgss Qoo = Goors K = K,

When q;.0, > @roes ¥ Goz < Gcs» Gno = Gozs K = K
If Groe > Gy if G < Grnos+ Tono = Gnos» K =K,
If Gy > Gooar Too = G

Gy =109,090 W /m*
Ghos =107,910 W /m*
Gy =116,330 W / m*
Ghoy =188,190 W /m®

CHF =q., 4107.910 W /m* |

Therefore, CHF will not occur within the tube because the wall heat flux (¢” = 4x104 W/m?)
is small than critical heat flux (CHF = 10.8x10* W/m?).

December 2013 Short Course Course:
NASA Glenn Research Center Two-Phase Heat Transfer

Prof. Issam Mudawar
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Heat Transfer Coefficients for Condensation in Tubes
(a)

O Wavy-Annular — = - Wang et al. (2002)
— Ki 1

v  Stratified-Wavy Kim et al. (2012)

A

Stratified
200 .

mooth-

Wavy-Annular to Ahnular
Smooth-Annular

B
! \  Annular
\ to Mist

150 f

— Wavy to \
cj‘ﬂ Annular/'\ \\
~
£ ©)>0) @ e
x 100 f i
A
0 — =YYy y— Q) —: ®
N
v v D
50 f vwyv v Wavy to Q 1
Annular
AX Slug to ve v
Stratified - Transient Transient to
B Wavy-Anndlar ,
0.0 0.2 0.4 0.6 0.8 1.0
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Flow Condensation Heat Transfer

PURDUE

UNIVERSITY

Consolidated database:

4,045 condensation heat transfer data points
from 28 sources

- Working fluids:

R12, R123, R1234yf, R1234ze(E), R134a,
R22, R236fa, R245fa, R32, R404A, R410A,
R600a, FC72, methane, and CO,

- Hydraulic diameter:

0.424 < D, <6.22 mm

- Mass velocity:

53 < G < 1,403 kg/m?®s

- Liquid-only Reynolds number:

276 < Ae,, < 89,798

- Superficial liquid Reynolds number

- Superficial vapor (or gas) Reynolds number:

0 < Re, < 79,202

0 < Re, < 247,740

- Flow quality:

D<x<1

- Reduced pressure:

Kim & Mudawar, In!. J, Heat Mass Transfer 56 (2013) 238-250

NA

0.04 < PR <0.91

December 2013 Short Course
NASA Glenn Research Center

SA

Background

Kim & Mudawar Correlation (2013) for Condensation in Small Tubes:

For annular flow (smooth-annular, wavy-annular, transition)

where We*>7X.92: [ p

/

" =0.048 ReyPr) ™

?,
X

"

For slug and bubbly flows where We* <7X,%2:

¢

- 0
p D, 3 [ 2 2
'~<~-kw A -“o.ms:eefi”m,“ , :) +(32x10' Re,*""SuL‘") y

"

ol
where XN A Ky ] (l = ] 0,
H,

X

¢ =14CX+X* , X

_[dp _2/,7.{,(7’(1—1:)2

dz), D, :
f, =16 Re;' for
f, =0.079 Re%% for
J.=0046 Re"* for

G(1-x)D, Re,

Re, =
’ “/ ~u:

GxD,

09 0s

Py
(dP/d:\,

" (aPids),

_(dP 2f,v,G'x*
dz ), D,

¢

s

Re, <2,000
2,000 s Re, <20,000
Re, 20,000\ here & = for g

GD, ab,
+ Rey, = . Y Su, - Py Rt

x

Turbulent liquid, turbulent vapor:

C, =039 Rel Su:"'[ Pr

Turbulent liquid, laminar vapor.

0

for Re, =2000, Re, =2000

0.14

C, =87x107" Re}) Su’® ”’) for Re, =2000, Re, <2000
P,

Laminar liquid, turbulent vapor

L
026

c, -o.mner;_“su"”[p '] for Re, <2000, Re, =2000
“\p
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Flow Condensat1on Heat Transfer

Numerical Example 1: Determination of Condensation Heat Transfer
Cocefficient using Kim and Mudawar (2013) Correlation

Saturated FC-72 (x, = 1) at mass velocity of G = 250 kg/m2.s and inlet pressure of p, = 2
bar enters a horizontal circular tube of diameter D = 5 mm and length L = 25 cm, where it
is subjected to constant heat rejection at ¢” = 4x10* W/m2.

Assuming constant thermophysical properties and using five Az increments along the
flow direction, use the Kim and Mudawar (2013) correlation to determine the following:

(a) x,(2),x,,
(b) k(@

__z D=5mm o7 - 4x10¢ Wim?
L G=250kgimts 24 218 4 4 444424

p; =2 bar

o=l v Y YV YV YV VYV
|

i—Qz

0 L=25cm —[

«.4 December 2013 Short Course Course:
MB NASA Glenn Research Center Two-Phase Heat Transfer Prof. Issam Mudawar
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Flow Condensauon Heat Transfer

Numerical Example 1: Determination of Condensation Heat Transfer

Solution:

0.0006515 m3kg, v, = 0.0387 m/kg, u, = 349.0x10"
N/m, k, = 0.0514 Wim K, Pr,= 7.7212, 5, = 1830 kPa

; 0.005
= )h,. 250kg/m’sx[”x(- ; )

; =l—l.467-’:lx0.25m 0.633

(b) For annular flow (smooth-annular, wavy-annular, transition) where We* > 7X, 02 :

Ve D =0.048 Rej” Pr)™ %
J Xn
For slug and bubbly flows where We* < 7X,02 :

Hrn-ens D (0048R °”Pr°“:] +(32x107 Re*’”su"")]

fog —-ans
k,
where

ki 09 (dP1dz)
B (1-x) | P 2+ CX+X2, X !
X,.[J(,)[)"P‘ (a1 ),

{dP) 2£,v,G*(1-x,)’ _(dP) 2/,v,Gx’
!

D \dz /, D

December 2013 Short Course Course:
NASA Glenn Research Center Two-Phase Heat Transfer
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Coefficient using Kim and Mudawar (2013) Correlation

Thermophysical properties of FC-72 at p = 2 bar: ¢,, = 1136 J/kg.K, h, = 87272 J/k V=
6 kg/ 2 124105 kgim.s, o - 0.0062
g/m.s, u,= X g/m.s, o=

P, p: D)g" 0.005 4x10' W /m?
@) x=t-gt fideei- E’;D’:’ ol AR ARIT HIR
G

] x 87272 I / kg
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Flow Condensation Heat Transfer

Numerical Example 1: Determination of Condensation Heat Transfer
Coefficient using Kim and Mudawar (2013) Correlation

f, =16Re]’ for Re, <2,000
f, =0079Re** for 2,000 s Re, <20,000
f. =0046Re°*  for Re, 220,000

\03$ 036
Cy =039Re}" Suﬁalo[p!] , €, =000ISRe%” suﬁo'9( py)
. 2 -

11 3

0.14 045
C, =87x10" Re},” Su‘,’a”[ z' ] » C,=35x10"Re}" su;’f(z"]

&) 8

Reou
Weé =245 ——r—i < for Re, <1250
a3 (1+1.09 X0)"* /
Re®™ X017 u z > B
We' =0.85 el '—] ( J for Re, >1250
sul (1+1.09X27°) 7 |k ) \ vy
where k=for g
o Gx. D
Re -G(l x‘)P ’ Rel = x‘ ’ Reﬁ =GD ) Sll "pk(;D
4 &, He By 2 5

December 2013 Short Course Course: Prof. I Mud
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Flow Condensation Heat Transfer

Numerical Example 1: Determination of Condensation Heat Transfer
Coefficient using Kim and Mudawar (2013) Correlation

Node # 1 2 3 - 5
Xe 0.927 0.853 0.780 0.707 0.633
-(dp/dz)s 5.34 10.67 16.01 2134 26.68
X 0.037 0.057 0.075 0.095 0.117
C 15.456 15.456 15456 15.456 15.456
@, 1.255 1.370 1472 1.573 1.680
Rey 263 525 788 1051 1313
Sy, 5294700 5294700 5294700 5294700 5294700
Xy 0019 0.037 0.058 0.082 0.111
We* 27.60 26.04 2450 2294 22.16
h 3135 2747 2500 2301 2124

- 1 pL
h= foh(z)d: 2561 W /m*K
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